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ABSTRACT

Alloys of commercia grades that do not contain a reective dement, such as yttrium, often
develop pores a the scalefdloy interface. The accumulation and growth of these pores greetly
weaken scde adheson. The purpose of this study is to evaluate pore development in Fe-
40a%Al and determine the change in pore volume with oxidation time. Experimenta results are
then compared to a theoretica caculation where dl vacancies are alowed to condense as voids.
After removing the oxide scales that formed after various times of oxidation at 1000°C in oxygen,
the dloy surface was andyzed using scanning eectron microscopy (SEM) and aomic force
microscopy (AFM) to determine the Size and depth of interfacial pores. Results are discussed in
light of possible mechanisms involved in pore formation at scale/dloy interfaces.

INTRODUCTION

One common result in high temperature corrosion, where a surface scale develops on the
substrate under oxidizing environments, is the presence of pores in the scae, at the scae/dloy
interface and/or within the substrate. When their Sze and/or density reach a critical vaue, they can
severdy deteriorate the mechanical property of the medium in which they are present. For AlL,O3
scdes formed on commercid grade dloys without any reactive dements, such as yttrium, pores
are commonly found in the scae or a the scae/dloy interface (1). These dloys usudly contain
10-20 ppm sulfur as a common impurity, and its presence is believed to sabilize interfacia pores

).

The mechanism of pore formation was first suggested to be thet of vacancy condensation
(3), where cation vacancies from the scale injecting to the scae/dloy interface condense to form
voids. Whether this is indeed the case is uncertain. There is dso very little knowledge of its



relevance with different scale/aloy systems. Others have proposed oxide growth stresses (4) and
uneven diffusond flux of dloying dements ) as dterndive causes. It is our view that the
development of voids will have to be quantified first before understanding of their nucleation and
growth processes can be atained. Phenomenologica studies done of the gppearance and
morphology of pores are not sufficient. Hence, this study attempts to characterize pore sze and
volume as a function of oxidation time, then compare the experimentaly determined volume with
theoretica calculation where al vacancies are allowed to condense as voids.

Fe-40at%Al was chosen because it forms pronounced interfacial pores €,7,8). The
dloy is angle phasad with a CsCl gtructure.  Its structure and oxidation behavior are smilar to
that of b-NiAl, where trangtion gqor g-AlL,O; forms fird, then a-Al,O; nucleates a the
scdeldloy interface; the initidly formed AlLO; eventudly trandformsto a with time. The trangtion
AlL,O3 grows predominantly by auminum outward transport and the a-Al,O3; predominantly by
oxygen inward transport. The growth rate of the former is about one order of magnitude faster
than the latter (6,9,10).

The amount of interfacid voids on FeAl seemed to increase with aloy auminum content,
from 10-48 at%, while the oxidation rate remained unchanged (6). Interfacid void concentration
on Ni-(40-55at%)Al was found to be higher on the Ni-rich materids, where Ni in the aloy was
expected to diffuse much fagter than Al (11). In that study, the mechanism of void formation was
attributed to the Kirkendal effect where the different Ni and Al diffusion rates caused a net flux of
vacancy to the scale/dloy interface. Xu et d (7) noted that most interfacia pores formed at the
ALOs/FeAl interfaces were faceted with distinct crystalographic orientation. This led them to
suggest that pores formed as aresult of Al vapor transport.

EXPERIMENTAL

The FeAl dloy, from Oak Ridge Nationa Laboratory, was prepared by arc meting and
cadting, followed by hot ralling to a~ 1 mm thick sheet. The dloy contains 40at% auminum and
27.6 ppm of sulfur impurity. Specimens typicaly 15mm x 10 mm x 1mm were cut from the sheet
and polished to a1 nm finish with diamond paste and cleaned ultrasonicdly in acetone. One
specimen was wrapped in tantalum and heated under argon a 1000°C for 5 hours, then furnace
cooled to evauate the effect of heat trestment on pore formation. All other specimens were
oxidized in flowing, dry oxygen at 1000°C. A Cahn TGA system was used for thermogravemetic
andyss. Other specimens were placed in an dumina boat with a thermocouple at its back and
oxidized in a horizontal furnace. After the desired oxidetion time, which varied from 3 min to 24
hours, the boat and specimen were quickly pulled out of the furnace and cooled in ambient ar. In
both systems, the specimen temperature took about 10 minutes to stabilize at 1000°C.

The scale on samples oxidized for longer than 1 hour spalled during cooling. Delaminated
oxide pieces were removed by ultrasonic vibration to expose the underlying meta surfaces for
further examination. Portions of scaes that did not spal during cooling were removed by first
gluing a 3 mm round duminum post to the sample surface then striped off when the post was



knocked away. The scae/dloy interface on the 3 and 10-minute samples was too strong for the
oxide to be removed thisway. Alloy surfaces in these cases were exposed by the motion of deep,
severa millimeter long scratches that were made with a diamond stylus on the specimen surface
[8]. This caused extensive scale delamination and spalation around the scratches.

Compositions of very thin scaes were determined using Auger depth profiling.  Structure
of the scale was studied using X-ray diffraction and the morphology examined usng Scanning
electron microscopy (SEM). A few specimens were mounted and cross-sectioned to investigate
the amount of porogty in thedloy, if any.

Quantification of interfacid pores was made by analyzing SEM micrographs of the dloy
surface. Some of the specimens were dso studied using atomic force microscopy (AFM) to
determine the depth of these pores. SEM images of areas where the scade had been removed
were taken in a random manner across the specimen, covering severd different dloy grains. The
perimeter of each pore on a given SEM micrograph was firgt traced, then the pore area on the
scaefdloy interface was determined using an image analys's software. To locate pores usng the
AFM, initid 80x80 or 100x100 mm scans were made on the specimen surface.  Locations were
randomly chosen but spaced wide enough to cover different dloy grains. Smdler images (usudly
less than 20x20 nm) were subsequently taken over single or multiple pores until dl the poresin
the larger scan were analyzed. Two line scans were made on each pore, one horizonta and one
vertical, crossng at the center of the pore, to determine the pore depth and diameter. All the
scans were made with ultracsharp contact silicon cantilevers, which have a cone angle of <20°.

RESULTS AND DISCUSSIONS
Oxidation Kinetics
Specimen weight gain as a function of time®? is plotted in Figure 1 to evauae the
oxidation kinetics. The rate was sgnificantly faster during the first hour, followed by a gradud
decrease until a sower constant is reached. The rate constants for the two stages were 1x10*
and 4.4x10™ gfermi*s™ respectively, which compare well with previously reported rates on FeAl

[6,9] and NiAl [10]. XRD sudies showed evidence of g-Al,O; during the early stages of
oxidation, but a-Al,O3; dominated after 1 hour.

Scde and Interface Microgtructure

Morphologies of oxide scde and the dloy surface after different oxidation times are
shown in Figure 2. The thinnest scdle studied was oxidized for only 3 minutes (Fig. 2a). Auger
depth profile found this scale to be asingle layer of AlL,O3. Very fine and uniform grains, ~ 50 nm
in diameter, existed on the outer surface, yet pores about 0.5 mm were observed on the dloy
surface. Facetted a-Al,O; grains started to nucleste a the scade/dloy interface after 10 minutes.
A complete layer of a-Al,O; developed after 1 hour. The average oxide gran sze a the
interface after this time stayed fairly congtant and was about 0.3 mm, but interfacial pores were
often larger than 1 mm (Fig. 2b). Pores developed randomly throughout the entire interface.




Preferentid formation was only found dong polishing marks on the origind surface, but not on
dloy grain boundaries and there was no obvious variation from different dloy grains. Groups of
pores were occasond observed that probably resulted from surface contamination prior to
oxidation. Nearby pores sometimes jointed together into larger ones, an example is given in Fig.
2d. Whenever it was possible to digtinguish those that were undergoing coadescence, they were
counted as separate individua pores.

All the pores being andyzed in this work were about an order of magnitude larger than
the oxide grain sze. They often contain discrete crystalographic planes on ther sdes and
bottoms, especidly on larger ones. This gave the pores a characteristic shape that depended on
the dloy grain (Fig. 2c). Sulfur was found present on the metal sde of al pores (8). This coverage
Is expected to reduce the interface energy of the alloy (12) and thus stabilize the pores. The
equilibrium shape must then be one that minimizes the tota surface energy while keeping the force
baance at the porefinterface junction to satifY Graface = Goxige™ COSY Ot » Where q IS the angle
between the pore and the interface, and the gs are the interfacia energies.

It is important to note that pore formation was not observed when the specimen was
heet-treated without oxidation. Pores were aso not observed within the aloy benegth the scale.
This shows that dl pores were contained at the scde/dloy interface and their formation is only a
result of the oxidation process, not the condensation of excess thermd vacancies from the dloy
(13). The portion of scale above pores was smilar in thickness and morphology with that on the
ret of the specimen surface (14,15). This suggests that scade growth above pores was
unaffected by their presence.

Quantitative Andyss of Intefacia Pores

AFM was used to measure pore depth as a function of pore size and oxidation time. Two
orthogona line traces were made across each pore center to determine its depth, width and
length. Depth was identified as the distance between the degpest point into the dloy from the dloy
asurface. Width and length were taken from the line distance across the pore face thet is in the
plane of the scde/dloy interface. Summary of the data collected from every pore that was
mapped usng AFM is given in Figure 3, where the depth of each pore is plotted againgt the
average of its width and length. The average aspect ratio was calculated to be 1.22 + 0.2, which
shows that most of the pores have a near circular face despite their highly facetted sides and
bottoms. Although the datain Fig. 3 scattered, they show an overal linear relaionship between
pore diameter and depth. This means larger pores were aso deeper, so pore growth must involve
extenson dong the interface as wdl as into the dloy regardless of the pore shape. Mogt of the
data can be fitted with a dope of about 0.2 and some, mainly those from 24 hrs, with a dope of
0.1. These numbers show that the firs-formed pores were shdlow, having an average diameter,
d, 5 timeslarger than the depth. With increased oxidation time, the pores increased in diameter as
well as in depth, keeping the d/h ratio fairly congstant until coaescence of nearby pores took
place. Astwo pores of smilar depth grew into one, the d/h ratio then increased to about 10.



To evauate the rate of pore growth, the average pore diameter obtained from SEM
anadysis and depth from AFM are plotted againgt the square root of time in Figure 4. Pores are
again seen to be about 5 times bigger in diameter than in depth, confirming the AFM results
presented in Figure 3. The increase in the average d and h with time is seen to be near parabolic
with a fagter rate within the first hour and a 5-6 times dower Seady date rate afterwards. The
behavior is smilar to the scale weight gain results, where the initia rate was fagter than the steady
date rate, which was established after about 3 hours. Microstructural observations showed that
the steady State behavior corresponded to the formation of a complete a-Al,Os that nucleated at
the scale/dloy interface.

From Figure 4, the steady state pore growth rate can be calculated to be 1.8 x 107 moles
of Al per cn? of pore surface per hour, using volume = ¥ (d/2)*h. The oxide growth rate
requires 1.3 x 107 moles(Al)/cn?h. The closeness of these two numbers suggests that pore
enlargement under steady state scaling condition resulted from Al vapor trangport to support
continued scale growth above the pores. The vapor pressure of Al in equilibrium with the surface
of the Fe-40Al aloy under an Al,O; scale was calculated [16] to be 4.65x10° am at 1000°C,
which is more than 3 orders of magnitude higher than the equilibrium pO. levd, hence giving
aufficient Al supply for scae growth. The excedllent agreement between the pore and scde growth
rates may be coincidenta due to uncertainties in the pore growth rate caculation. A large scatter
of pore szes actudly existed and the pore geometry was gpproximated. For longer oxidation
times, Sze increase would also have resulted from pore coaescence rather than pore growth.
However, these uncertainties combined should gtill give an order of magnitude agreement with the
scae growth data.

Andyss of Vacancy Content from Oxidation

Detals of this andyss are given dsewhere (16). Bascdly, two vacancy fluxes are
considered: one isthat due to oxide growth, J,%, the other is from an unbaanced diffusion of Fe
and Al in the dloy, i.e. from the Kirkendall effect, 3. Diffusion coefficients of Fe and Al are
assumed to be independent of compaosition. No vacancy annihilation is dlowed anywhere, and
lattice volume is conserved whereas relaxation due to vacancy formation is not consdered. The
flux associated with oxide growth isfirst andyzed for the case of exclusve cation diffuson then a
fraction that changes with time is introduced to account for the degree of growth due to anion
diffuson. For every cation that is trangported through the scae, an equivaent volume of vacancy
is allowed to condense at the scae/dloy interface. Anion transport does not contribute to the total
vacancy content, Snce vacancies in that case are diminated a the outer scale surface.

The total weight gain from scae growth per unit surface area after timet, DnV/A, is related
to the total amount of Al incorporated into the scae from the dloy. The overal rate of Al supply
to the scae, Ju %', has two components. One is the flux of Al diffusing from the dloy to the
dloy/scaeinterface, Ju. The other is the rate of Al incorporation due to the inward displacement
with time of the dloy/scde interface, J A Therefore we have

W =dn+ T =- [dDA)]/(3Mo/2) )



where Mg isthe aomic weight of oxygen. Inturn, J 4, isgiven by
Jar=-¢° Ny di/dt =- Na/' [d(DVA)/dt]/(3 Mo/2) 2

where ° is the overdl concentration of meta in the dloy in mol/cn™, Na' the mole fraction of Al
at the scaefdloy interface and h the thickness of metal consumed due to oxidation.

The flux of Al diffusng from the dloy to the scae/dloy interface, Ja, can be determined
by combining Egns. (1) and (2). The flux of Fe in the opposite direction is related to Ja by the
relaion Jec = - Ja; Ded/Daj, Where the D's are the diffuson coefficients. Findly, the overdl flux of
metal vacancies at the dloy/scae interface due to diffusion in the dloy, J,%, is smply opposite to
the sum of the two metd fluxes, which yields

3= (1-Na/) (1 - Ded/Da)) [d(DVA)/cH]/(3Mo/2) 3

In case of exclugve cation diffuson in the scde, the flux of duminum through the scae,
Ja%, isequd to the overdl flux of Al crossng the dloy/scde interface, Jy . In this Stuation, the
flux of metal vacancies reaching the aloy/sca e interface due to transport through the scde, J,%, is
equal and opposite to the flux of meta crossing the dloy/scde interface, Jy®, and is thus given by
Eq.(1) with achange in Sgn. Findly, the rate of accumulation of meta vacancies a the dloy/scae
interfaceis given by the difference between J,* and J,%, DJ,, yidding

DJ, = [d (DVA)/dt][(DrdDai + Nai' (1 — Ded/Dai)l/(3Mo/2) (49)

In case of mixed cation-anion conduction, the flux of vacancies due to oxide growth is
modified as J,> = - | Ju%, where | isthe fraction of cation trangport. Combination of the two
vacancy contributions from the scale and the dloy, while taking into account | , yields the net rate
of vacancy accumulation from the oxidation process as

DJ, = [d (DVA)/d][(Drd/Dar - (1-1) + Na' (1~ Drd/Dan)l/(3Mo/2) (4b)

Eq.(4b) can be used to caculate the total vacancy content knowing the oxidation weight gain,
diffusvities of Fe and Al in the dloy, concentration of Al a the scae/aloy interface and the factor
|, which can be gpproximated from the trangport properties through alumina scales.

a-Al,O; scdes are known to grow predominately by oxygen inward diffuson (17-19),
and the fraction of cation trangport through an a-Al,O; layer is estimated from limited oxygen
isotope studies to be about 0.2 (19). After acomplete a layer forms on FeAl, trangport through
the scale should be dominated by it and | , the fraction of cation diffuson, was given a vaue of
0.2. During the initid oxidation stage, trandtion dumina grew on the specimen surface, where
caion diffuson dominates (17), | at this time was accordingly taken to be 0.8. The change of
| with time from its maximum to minimum vaues depends on when and how the a layer forms.
The exact time dependence of this process is not known. Base on the experimentd results that a
grans darted to be observed a the scaeldloy interface after 10 min and a complete layer
established at 1hr, the time dependence was smulated by means of a Sgmoidd function s of the



type s = 1 — exp[-5 t'], where t is the oxidation time in hours. If | is assumed to be Smply
proportional to s, it is given by the equation | =1 i + (I max — | min) S. These functions are
plotted in Fig. Sawith | 4in=0.2, | 1&=0.8 and ti: (the time needed to reach s very close to
unity) equals 1 hr.

The diffuson coefficients of iron and duminum in the aloys have been measured recently
for iron, while accurate measurements for Al are not possible due to the lack of a radioactive Al
Isotope with a half-life of convenient duration. Therefore, an isotope of In has been used to make
diffuson measurements in Fe-Al dloys, assuming that its diffuson coefficient may be rdivey
closeto that of Al. For an aloy composition corresponding to FeAl, the diffuson coefficients are
given by (20,21)

Dre (cn?s?) = 53 exp(-265 kImol /RT) , Dy, (cfs™?) = 64 exp(-258 kJmol /RT)

Using these diffusivities and the oxidation kinetics, the totd amount of vacancies from the
scale and the aloy and their difference is caculated and shown in Fig. Sh. Vacancy contribution
from the Kirkenddl effect is only affected by the oxidation rate, not by phase transformation of
the dumina scde. Since Al diffuses faster than Fe in the dloy, the trangport of Al to the interface
to form oxide resultsin aflux of vacancies away from the scae/dloy interface. Vacancies from the
scade, on the other hand, depend on the dumina phase transformation, hence the choice of the |
and s functions. The difference between the two fluxes undergoes a maximum before 1hr and
then decreases dowly. The maximum arises because initid scale growth was dominated by cation
transport that provided a flux of vacancies from the scde to the scale/dloy interface. After a-
AlLO; fully establishes in the scale, vacancy supply from the oxide is reduced and the differencein
the two fluxes becomes approximately congtant, i.e. vacancies stop to accumulate at the interface.
Changing the | and s functions affects the find vacancy content and time dependence in
particular, if tcrit is increased the maximum tends to disappear, but the effects are smadl and the
overdl time dependence remains the same.

Mechanism of Pore Growth

Experimentaly determined pore volume per unit area as a function of oxidation time is
shown in Figure 6. Pore area for each sample was determined from SEM andysis by adding the
aress of al observed pores and comparing that to the totd interface area examined. Pore depths
were obtained from the best fit of the AFM results shown in Fig. 4. Volume was again caculated
using ¥pd?h. The error bars were those from the area andysis. All data points showed large
scatters, because pores were very randomly distributed and a wide range of Sizes existed on each
sample. The trend shows that pore formation was most rgpid during the initid sage, it then
increased dowly and finally began to decrease after prolonged oxidation. This decrease is partly
due to codescence of neighboring pores, and partly due to new growth of oxide within larger
pores, probably as a result of oxygen penetration from the scale. The magnitude of the pore
volume is seen to be about 20 times lower than the calculated totd vacancy content. Although
there is a large error bar associated with the data and caculations were made with some
assumptions on pore geometry, the data can be trusted within an order of magnitude. The



discrepancy between theory and experiment suggests that not al vacancies condensed into voids
and annihilation processes must have taken place. Another interesting comparison is the change of
pore and total vacancy volumes with time. The caculation shows that after about 1 hr, the total
vacancy content remains congtant, or decreases dightly due to fagter diffusion of Al than Fein the
dloy. The experimentd data, on the other hand, showed significant volume increase up to 3 hrs,
followed by a dower increase to 5Shr. This suggests that vacancy condensation may be
responsble for pore nuclestion, but not its growth.

The pore growth process observed in this work suggests that, at Steady stage, duminum
evapordion is the responsble mechanism. There are three reasons for this concluson. Fird,
growth of the scales above the pores are not affected, so there must be a continuous and uniform
Al supply to the oxide above the void face. This supply is available, snce relatively high duminum
vapor pressure exists within the pores. Second, there was uniform growth of pore diameter and
depth with time in a parabolic fashion thet is Smilar to the scde growth rate. This suggests that
materials were removed from dl of the pore surfaces to support scale growth above the pores.
Third, the pores developed into characteristic shapes in relation to the underlying dloy grains.
These shapes must be aresult of minimizing the surface energy while kegping an energy baance at
pore edges. Evaporation causes uniform depletion of Al from the pore surfaces, which would be
able to maintain this equilibrium shape. Non-uniform stress distribution aong the pore and around
the dloy surrounding it is known to exist (22,23), which can cause pore enlargement. According
to the andyss of Wright & d (23) on a footbal shaped pore a AlLOs/FeAl interface,
enlargement in pore area can occur if tendle stresses a the pore edge exceed the interface
srength. This process involves cregtion of new surfaces and perturbs the equilibrium pore shape,
which should be energeticdly less favorable. The effect of stresses on pore growth may be more
important during theinitia stage before an equilibrium shape is established.

CONCLUSIONS

Quantitative assessment of pore growth a AlLOs/FeAl interface after 3 min - 24 hr
oxidation have reveded severd characteristics of these pores. They develop as a result of
oxidation from the very early stages. An equilibrium shape is reached that depends on dloy
grans. The pore diameter is about 10 times larger than the oxide grain Size. Pores are shdlow,
with its wide/depth ratio ~5, and showing specific crystalographic planes on their faces. Growth
of the poresinvolves widening as well as degpening. The growth rate is parabolic with afast initid
rate and a dow Steady Sate rate. Scale growth above the pores is unaffected, and steady State
pore growth is shown to be a result of auminum vapor trangport. Vacancies arriving & the
scaedloy interface as a result of scale growth by cation transport may be responsible for pore
nuclestion, but not their continued growth.
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Figure 1: Oxidation kinetics Fe-40at%Al at 1000°C in oxygen.

Figure 2: Morphology of interfacial pores and Al,O3 scales formed on Fe-40Al at 1000°C after
3min (a), 1 hr (b) and 5 hr (c, d) oxidation. (d) Shows an example of pore coaescence.
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Fgure 6: Experimentaly determined totd pore volume as afunction of oxidation time.
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